We found a novel recessive mutation in an inbred strain, INT, that 
Introduction
It is known that many spontaneous mutations have been found in inbred strains derived from closed colonies of mice, e.g. NOD/Shi [9] and III/Jic [3, 4, 6] . In 1986, we found a novel recessive mutation identified chromosome 17.
An autosomal recessive mutation designated flaky skin (fsn) was found at the Jackson Laboratory (ME, USA). The fsn homozygous neonates show anemia and adult fsn homozygotes show a patchy, thick and white scale skin at about 4 weeks of age. Phenotypes of fsn homozygotes are associated with abnormalities of stratified squamous epithelia and the hematopoietic system. The fsn mutation was mapped to the distal region of chromosome 17 [1, 11, 15] .
We noted similarities of the phenotypes in both int and fsn homozygotes described above. So far, we have attempted to demonstrate that these mutations are alleles of the fsn locus. In this paper, we describe the genetic relation between int and fsn genes demonstrated by linkage analyses and allelism tests. We also report the histological and hematological phenotypes of the affected mice homozygous for the int gene at the embryonic stages.
Materials and Methods

Animals and genetic crosses
A novel recessive mutation (tentatively named int) that occurred spontaneously was found in an inbred strain, INT, established from a Jcl:ICR closed colony at the Central Institute for Experimental Animals (Kawasaki, Japan). Mice homozygous for the int mutation were identified by pallor due to severe anemia at birth and skin abnormalities at about 10 days after birth.
Three int congenic strains, B6.INT-int (N8 in 2004), CBy.INT-int (N5 in 2004) and C3. INT-int (N5 in 2004) , were bred using C57BL/6JJcl (B6), BALB/cByJJcl (CBy) and C3H/HeNJcl (C3) mice purchased from CLEA Japan (Tokyo, Japan). An intercross-backcross system was adapted to establish these congenic strains.
Hematological and histological studies were performed to describe the phenotypes of int homozygotes in the embryonic and neonatal stages. Intercrosses of B6.INT-int heterozygotes (+/int) were carried out to obtain the int homozygotes at 12.5, 13.5, 14.5, 15.5, 16.5, 17.5 and 18.5 dpc (days post-coitus). Observation of a vaginal plug on the morning after pairing determined the embryonic stage as 0.5 dpc. Genotypes of the int gene in embryos were determined using the D17Mit130 microsatellite marker as described below.
To demonstrate allelism of int and fsn genes, crosses of B6.INT-int (+/int) and CBy.A-fsn (+/fsn) purchased from the Jackson Laboratory (ME, USA) were performed. A fine map of chromosome 17 was drawn based on the results of linkage analyses using F 2 progeny obtained by intercrosses of (B6.INT-+/int and C3H/ HeNJcl-+/+)F 1 -+/int mice.
Microsatellite markers for fine mapping
For fine mapping and indirect diagnosis of the int gene, we developed four Ham (Laboratory code for Hamamatsu University School of Medicine) microsatellite markers detected as SSLPs (simple sequence length polymorphisms) on chromosome 17 as follows: D17Ham2 (forward: tggcccagcaagtaatgacaac, reverse tgggctggtaaaatggaccttc), D17Ham9 (forward: actggacttcaccaacag, reverse: gctcaaagccttttcgac) and D17Ham34 (forward: ttgtacactggcatgcct, reverse: ctggagagacaactcatcca). These primers were designed using DNA sequences obtained from the NCBI database. Other primers for microsatellite markers used in this study were purchased from Invitrogen (CA, USA).
Genomic PCR and RT-PCR
Using a standard phenol-chloroform method, genomic DNA was prepared from various tissues, depending on the experiments, and used as template DNA for PCR. Amplification of microsatellite markers by PCR was performed under the following conditions: 30 cycles of DNA degeneration for 20 s at 94˚C, annealing for 30 s at 57˚C and extension for 40 s at 72˚C. PCR products were electrophoresed on 3% agarose gel followed by staining with ethidium bromide and the results were photographed.
RT-PCR was performed in order to observe expressions of Hbb-bh1 (hemoglobin Z, beta-like embryonic chain) and Hbb-b1 (hemoglobin, beta adult major chain) genes as the markers of erythrocyte maturity [8] . Total RNA was extracted from livers of 14.5 dpc embryos using RNeasy (Qiagen, MD, USA) according to the manufacturer's instructions. One microgram of total RNA was reverse-transcribed using oligo-dT primer and superscript II RT (Gibco BRL, MD, USA). cDNA was amplified under the following conditions: 30 cycles of DNA degeneration for 1 min at 94°C, annealing for 1 min at 60˚C, and extension for 1 min at 72˚C. Primer sequences used in this study were as follows: Hbb-bh1 ( f o r w a r d : c t c a a g g a g a c c t t t g c t c a , r e v e r s e : agtccccatggagtcaaaga) and Hbb-b1 (forward: cacaaccccagaaacagaca, reverse: ctgacagatgctctcttggg).
Histology and Hematology
Blood was collected in heparinized microhematocrit tubes (Drummond, PA, USA) for hematological studies. Red blood cells (RBC), white blood cells (WBC) and platelets (PLT) were counted with an automated hematology analyzer, SF-3000 (Sysmex, Hyogo, Japan). In order to observe various blood cells, blood smears were prepared and stained with Wright-Giemsa solution. The number of FNRBC (fetal nucleated red blood cells) per square millimeter was counted using NIH Image software (version 1.62 available at http:// rsb.info.nih.gov/nih-image/download.html).
Tissue samples were collected and fixed in Bouin's solution overnight followed by embedding in paraffin and sectioning at 5 µm. Sections were stained with hematoxylin and eosin (HE) and observed under a light microscope (Olympus, Tokyo, Japan). Staining procedures for immunohistochemical studies were as previously described [15, 16] . Briefly, sections prepared from embryos were stained using a panel of polyclonal rabbit antibodies specific for mouse keratinocyte markers (K1, K6 and K14) [9, 10] with the ABC kit (Vector, CA, USA) according to the manufacturer's instructions. They were counterstained with hematoxylin.
Microbiological monitoring and approval of animal experimentation
Microbiological monitoring was performed by our in-house monitoring system every three months to determine microbiological conditions in the animal rooms. Samples collected from mice used in this study were sent to the ICLAS Monitoring Center (Kawasaki, Japan) to check for as many microorganisms as possible. No infection was detected in any animal room in which the mice used in this study were maintained.
The experimental protocol and design were approved by the Animal Experimentation Committee and performed according to the Guidelines for Animal Experimentation of Hamamatsu University School of Medicine.
Results
Establishment of three int congenic strains
We bred three congenic strains of int gene to study phenotypes of the int gene on genetic backgrounds of C57BL/6JJcl, BALB/cByJJcl and C3H/HeNJcl mice.
The first congenic strain was B6.INT-int. The mean life span of affected mice (B6.INT-int/int) was 3.5 ± 0.6 days (N=15). An affected mouse one day after birth is shown in Fig. 1A (right) and a normal littermate (B6.INT-+/?: B6.INT-+/int or +/+) in Fig. 1A (left). Affected mice were distinguished from normal mice by abnormal phenotypes of pale skin caused by anemia and lined tails.
The second congenic strain is CBy.INT-int (picture not shown). The mean life span of affected mice (CBy.INT-int/int) was 7.7 ± 0.8 days (N=9). Affected mice showed severe anemia and papulosquamous skin lesions.
The third congenic strain is C3.INT-int. The mean life span of the affected mice (C3.INT-int/int) was 11.6 ± 0.5 days (N=7). An affected mouse at 10 days after birth is shown in Fig. 1B (right) and a normal littermate (C3.INT-+/?: +/int or +/+) in Fig. 1B (left) . Affected mice showed severe anemia and papulosquamous skin lesions, the same as observed in the CBy.INT-int congenic strain.
The mean life span of the B6.INT-int/int mice was shorter than those of the other int congenic strains. A marked effect of genetic backgrounds on phenotypes of the int mutation was observed with the mean life span. 
Inheritance of the int gene and allelism tests
During breeding of the three int congenic strains, intercrosses of int heterozygotes were performed to confirm inheritance of the int mutation. With the B6.INT-int congenic strain, 65 mice were obtained from seven litters. Fifteen (23.1%) mice were int homozygotes (9 females and 6 males). With the CBy.INT-int congenic strain, 25 mice were obtained from four litters, and 6 (24.0%) were int homozygotes (4 females and 2 males). With the C3.INT-int congenic strain, 123 mice were obtained from 20 litters, and 33 (26.8%) were int homozygotes (17 females and 16 males). Since these incidences of int homozygotes were identical to the incidences expected in a recessive mutation, we consider that the int gene reported in this paper is an autosomal recessive mutation.
To study allelism of the int and fsn genes, 37 F 1 mice were obtained by mating B6.INT-+/int and CBy.A-+/ fsn. Nine (24.3%) of them showed abnormal phenotypes and 28 normal phenotypes. This incidence was identical to that (25%) expected in a recessive mutation. Therefore, it was concluded that the int gene is an allele of the fsn gene and it was tentatively named fsn Jic according to the gene nomenclature guideline (http:// www.informatics.jax.org/mgihome//nomen/gene.shtml). The mean life span of fsn /int (fsn Jic ) mice was 67.2 ± 3.6 days (N=9). In contrast, the mean life span of fsn homozygous mice (CBy.A-fsn/fsn) was 97.8 ± 44.8 days (N=11).
Fine map around the fsn
Jic gene on chromosome 17 Figure 2 shows the fine map around the fsn Jic Figure 4A shows the number of fetal nucleated red blood cells (FNRBC) in the peripheral blood of fsn Jic homozygous embryos and normal embryos (+/+ or +/ fsn Jic ) at 12.5, 13.5, 14.5, 15.5 16.5 and 17.5 dpc. The number of FNRBC in normal embryos decreased gradually to 17.5 dpc, but that in fsn Jic homozygous embryos decreased to 14.5 dpc followed by a gradual increase to 17.5 dpc. At 17.5 dpc, the number of FNRBC in fsn Jic embryo was 20 times higher than that of normal embryos. Figure 4B shows blood cells of normal and fsn Jic homozygous embryos at 12.5, 13.5, 15.5 and 16.5 dpc. We demonstrated that blood in normal and fsn Jic homozygous embryos did not show any histological differences at 12.5 dpc, but the number of FNRBC increased with age (Fig. 4A) . Figure 5 shows dorsal skin sections of normal and fsn Jic homozygous embryos at 15.5, 16.5 and 18.5 dpc.
Skin of fsn
Jic homozygous embryos showed no gross histological abnormalities. Figure 6 shows distributions of three keratinocyte markers, K6, K1 and K14, in skin of normal and fsn Jic homozygous mice. Periderm was stained with anti-K6 antibody (Figs. 6A and  6B) , the upper half of the non-cornified epidermis and stratum spinosum was stained with anti-K1 (Figs. 6C  and 6D ) and the lower half of the epidermis and stratum basale was stained with anti-K14 (Figs. 6E and  6F ). There was no difference in distribution of the three keratinocyte markers and thickness of the three keratinocyte layers stained between normal and fsn Jic homozygous embryos.
Discussion
Mapping data derived in this study show that the int (fsn Jic ) mutation is located between D17Mit129 and D17Ham34 and that no recombinant occurred between fsn Jic and D17Mit130. Therefore, we assumed that the D17Mit130 marker is useful for indirect diagnosis of genotypes of the fsn Jic gene. In this study, we successfully performed various phenotypic analyses using fsn Jic homozygous embryos diagnosed for this marker.
Sundberg et al. [15] reported that A/J-fsn and B6.Afsn exhibit severe phenotypes and die before weaning, while CBy.A-fsn mice are mildly anemic at birth and survive until about 3 months of age. In order to obtain fsn Jic mice with mild phenotypes and a longer mean life span, we established three congenic strains, B6.INTfsn Jic , CBy.INT-fsn Jic and C3.INT-fsn Jic . As a result, we observed that phenotypes of B6.INT-fsn Jic mice are more severe (mean life span: 3.5 ± 0.6 days) than those of C3.INT-fsn Jic mice (mean life span: 11.6 ± 0.5 days). These results reveal that genetic backgrounds have critical effects on phenotypes of the fsn Jic gene. The CBy.INT-fsn Jic congenic strain with the same genetic background (BALB/cByJ) as the CBy.A-fsn congenic strain with a longer mean life span (97.8 ± 44.8 days) showed a short mean life span (7.7 ± 0.8 days). This strongly suggests that the fsn and fsn Jic genes might have different types of mutations, e.g., insertions or deletions.
Histological studies of fsn Jic homozygotes showed severe papulosquamous skin lesions and hematopoietic system disorders as shown in Fig. 1 . The fsn Jic homozygotes showed enlarged hearts and spleens and reduced weights of thymuses. Beamer et al. [2] also observed the same phenotypes in fsn homozygotes. The reduced weights in thymuses and the reduced dimensions of the white pulp of spleens in fsn Jic homozygotes indicate a decrease in the number of lymphocytes. On the other hand, enlargement of red pulp in spleens of fsn Jic homozygotes indicates an increase in the number of erythroblasts. The cause of the enlarged hearts in fsn Jic homozygotes is unknown. As shown in Table 2 , peripheral blood collected from fsn Jic homozygotes showed increases of nucleated cells (including erythroblasts and WBC) and PLT and reductions in Hct and RBC. It has been reported that fsn homozygotes show increases of B cells, macrophages, mast cells, eosinophils and immature erythroid cells (erythroblasts and reticulocytes) and decreases of T cells, lymphocytes, monocytes, neutrophils and mature RBC [2, 12] . These results suggest that fsn homozygotes have abnormal differentiation of hematopoietic stem cells.
In order to study hemopoiesis of fsn Jic homozygotes, we focused on the phenotypes of B6.INT-fsn Jic mice at various embryonic stages. As shown in Fig. 5 , skin of fsn Jic homozygotes stained with HE did not show any disorders at any embryonic stage. Normal distribution of cytokeratins, epithelial cell markers in the skin of fsn Jic homozygous embryos, was also observed (Fig. 6 ). In contrast, peripheral blood of fsn Jic homozygotes in the early embryonic stages already showed abnormali- ties as seen in Fig. 4 . Expressions of Hbb-bh1 (hemoglobin Z, beta-like embryonic chain) and Hbb-b1 (hemoglobin, beta adult major chain) genes were studied using RNA extracted from livers of 14.5 dpc embryos in order to observe maturity of erythrocytes [8] in fsn Jic homozygous embryos. Both genes were expressed in livers of normal and fsn Jic homozygous embryos (data not shown). It was demonstrated in this study that erythrocytes of fsn Jic homozygous embryos matured with incomplete enucleation. It is evident that RBC of fsn Jic homozygotes may fail to enucleate after switching from primitive hematopoiesis to definitive hematopoiesis, but the mechanisms of enucleation are still not well understood. Kawane et al. [7] reported that definitive erythropoiesis requires DNase II secreted from macrophages at the site of definitive erythropoiesis in the mouse fetal liver.
Although the relation between DNase II and fsn genes is not known, the fsn mutation may be useful in studies of the mechanism of enucleation in RBC.
Transplantation of bone marrow cells obtained from adult fsn homozygotes to normal recipient mice resulted in skin lesions and abnormal blood cells. Abnormal phenotypes in skin of fsn homozygotes at the postnatal stage have been explained by immunological defects [12, 18] . These results suggest that pleiotropisms observed in fsn homozygotes are caused by functional defects of hematopoietic progenitor cells [14, 17] . However, in this study we observed time differences in the appearance of abnormal phenotypes of blood and skin of fsn Jic homozygous embryos, therefore, it is possible that abnormal phenotypes observed in various tissues and organs of fsn homozygotes are caused by fsn gene dysfunction occurring not only in hematopoietic progenitor cells but also in various tissues and organs at different developmental stages.
White et al. [17] reported that the hereditary erythroblastic anemia (hea) mutation is an allele of the fsn locus. The hea mutation arose spontaneously in the CFO strain at the Central Institute for Experimental Animals (Kawasaki, Japan) [13] . Three fsn mutations, fsn, fsn Jic and hea, which were independently discovered, should be useful for etiological studies of anemia and skin disorders.
